Abstract: Selenocysteine (Sec) is the 21st amino acid in the genetic code and it is present in a small number of proteins where it replaces the much more commonly used amino acid cysteine (Cys). It is both more complicated and bioenergetically costly to insert Sec into a protein in comparison to Cys, and this cost is most likely compensated by a gain of function to the enzyme/protein in which it is incorporated. Here we investigate one such gain of function, the enhancement of one-electron transfer catalysis. We compared the ability of Sec-containing mouse mitochondrial thioredoxin reductase (mTrxR2) to catalyze the reduction of bovine cytochrome c, ascorbyl radical, and dehydroascorbate in comparison to Cys-containing thioredoxin reductases from D. melanogaster (DmTrxR) and P. falciparum (PfTrxR). The Sec-containing mTrxR2 was able to reduce all three substrates, while the Cys-containing enzymes had little or no activity. In addition, we constructed CysàSec mutants of DmTrxR and PfTrxR and found that this substitution resulted in a gain of function, as these mutant enzymes were now able to catalyze the reduction of these substrates. We also found that in the case of PfTrxR, reduction of cytochrome c was enhanced five-fold in a truncated PfTrxR in which the C-terminal redox center was removed. This shows that some of the ability of thioredoxin reductase to reduce this substrate comes from the flavin coenzyme. We also discuss a possible mechanism by which Sec-containing thioredoxin reductase reduces dehydroascorbate to ascorbate by two sequential, one-electron reductions, in part catalyzed by Sec.
Introduction
Thioredoxin reductase (TrxR) is a redox enzyme at the heart of the thioredoxin antioxidant system. 1 It functions as a pyridine nucleotide disulfide oxidoreductase, accepting electrons from β-nicotinamide adenine dinucleotide phosphate (NADPH) and then transferring them to the small redox-protein thioredoxin (Trx). Trx acts as a protein carrier of reducing equivalents to many intracellular targets in order to maintain cellular redox homeostasis. 2 In addition to Trx, TrxR is known to reduce many other molecules including lipoic acid, ascorbyl radical, dehydroascorbic acid (DHAA), vitamin E/α-tocopherol, and cytochrome c. [3] [4] [5] [6] [7] [8] Interestingly all mammalian TrxRs contain the rare amino acid selenocysteine (Sec) that is essential to its catalytic function. 9, 10 The catalytic role that Sec plays in the reduction of Trx by TrxR has been established; Sec accelerates the rate of thiol/disulfide exchange reactions by being both a good electrophile and nucleophile. [11] [12] [13] [14] [15] [16] [17] While mutation of Sec to cysteine (Cys) results in a large loss in catalytic activity in the mammalian enzyme, Sec is not chemically necessary for the reduction of Trx because orthologous TrxRs from other species catalyze the same reaction but use Cys instead of Sec. 18 As this is the case, why then has the mammalian form of the enzyme evolved to use Sec? One answer is that the use of Sec in the enzyme imparts some gain of function that Cys cannot catalyze. One such gain of function is the ability to resist oxidative inactivation by two-electron oxidations, as has been experimentally found for TrxR, [NiFeSe]-hydrogenases, selenosubtilisin, and glutathione peroxidase. [19] [20] [21] [22] Koppenol et al. have provided a thermodynamic rationale for the use of Sec in enzymes based upon one-electron oxidation reactions; 23, 24 the selanyl radical is more stable than a thiyl radical by~47 kJ/mol. 25 This analysis is based on the redox potential of the RS•/RSH pair (E 0 = 0.92 V) compared with the RSe•/RSeH pair (E 0 = 0.43 V). 25, 26 Their analysis showed that the instability of the thiyl radical could lead to Cα-H abstraction leading to destruction of the protein/enzyme. 26 In contrast, they posited that the higher stability of the selanyl radical could lead to its repair by ascorbate with a rate constant of 8 × 10 7 M −1 s −1 . 25, 26 Alternatively, the selanyl radical could react with molecular oxygen to form a selanylperoxyl radical (Sec-SeOO•), which could be reduced by a thiol to form a selenosulfide, O 2 • − , and H + . 26 Overall, this analysis shows that Sec also imparts the ability to resist one-electron oxidations. The ability to resist one-electron oxidations might be especially important in mammalian thioredoxin reductase (mTrxR) because it is a flavoenzyme, and flavoenzymes inherently react with molecular oxygen to produce superoxide. 27, 28 Thus, the use of Sec in mTrxR would be advantageous since adventitious transfer of electrons from the reduced flavin to the C-terminal selenosulfide would result in a selanyl radical that would not inactivate the enzyme, unlike the situation in Cys-ortholog TrxRs. The results of Koppenol et al. led us to hypothesize that the use of Sec might impart an additional gain of function not yet realized. mTrxR has been shown to reduce both the ascorbyl radical and cytochrome c. 4, 6 Both of these reactions require oneelectron transfers, with the ascorbyl radical being reduced to ascorbate (Asc) and the ferric iron of oxidized cytochrome c being reduced to ferrous iron. Is this expanded substrate specificity due to the presence of Sec? Here we test this possibility by testing the ability of Sec-containing TrxRs to catalyze the reduction of cytochrome c, the ascorbyl radical and DHAA in comparison to Cys-containing orthologs.
For these experiments, we used Sec-containing mouse mitochondrial thioredoxin reductase (mTrxR2), Cys-containing thioredoxin reductase from D. melanogaster (DmTrxR), and Cys-containing thioredoxin reductase from P. falciparum (PfTrxR). For the Cys-containing ortholog enzymes, we also constructed mutants in which we performed a CysàSec replacement using protein semisynthesis. 29 We also used truncated versions of all of these enzymes to determine the ability of the bound flavin to catalyze one-electron transfer reactions in the absence of the C-terminal redox center, which could hinder electron transfer in the holoenzyme. The results show that the Sec-containing enzymes are capable of catalyzing one-electron transfer reactions, but the Cys-containing enzymes are not.
Results

Reduction of cytochrome c by thioredoxin reductase
Human mitochondrial and cytosolic TrxR have been shown to reduce cytochrome c. 6 The heme group of cytochrome c is capable of accepting a single electron as the oxidized form contains Fe 3+ , which is reduced to Fe 2+ upon addition of one electron. With all of our enzyme assays, we compared the ability of Seccontaining TrxRs to Cys-containing orthologs to reduce cytochrome c in order to determine the role of Sec in accelerating catalysis of the one-electron transfer reaction. All enzymes utilized in our experiments are listed in Table I Table I are derived as follows: the name of species from which the enzyme comes-TrxR-one letter amino acid code for the sequence of the C-terminal redox center. The designation "Δ" followed by a number denotes a truncated enzyme of x amino acids missing from the C-terminus. Our results indicate that the Sec containing enzymes (1, 4, 7, and 9) are capable of reducing cytochrome c to a much greater extent compared with their Cys-containing orthologs as indicated by the increase in absorbance at 550 nm (Fig. 1) had comparatively low cytochrome c reductase activity. However, enzymes DmTrxR-SCCS 5 and PfTrxR-GCGGGKCG 8 had activities that were above background levels. All of the truncated enzymes (3, 6, and 11) also had activities that were above background. Of special note is the truncated PfTrxR 11 , which had the highest activity of all of the enzymes assayed in this study (Table II) .
Reduction of the ascorbyl radical by thioredoxin reductase
It has been shown that Sec-containing TrxR1 is capable of reducing the ascorbyl radical. 4 Here we show that the one-electron reduction of the ascorbyl radical to ascorbate is highly dependent upon Sec in all of the TrxR variants examined in this study. We determined this by generating the ascorbyl radical in situ with ascorbate oxidase (AO) and then measuring the consumption of NADPH as indicated by the decrease in absorbance at 340 nm ( Fig. 2) . As is clearly shown in Figure 2 and the calculated activities in Table III , all of the Sec-containing enzymes were capable of reducing the ascorbyl radical, but none of the Cyscontaining enzymes were able to do so, nor were the truncated enzymes. The truncated PfTrxR 11 could not reduce the ascorbyl radical, unlike the case in which the truncated PfTrxR had very high cytochrome creductase activity. These data clearly indicate that this one-electron transfer reaction is dependent upon Sec. Of very special note, we found that the "hybrid" Sec-containing enzyme, PfTrxR-GCUG 9 was the most active enzyme in our assay (Table III) .
Reduction of DHAA by TrxR
A previous study showed that DHAA can be reduced by Sec-containing TrxR-1. 5 Identical to the studies above, here we demonstrate that the ability of TrxR to reduce DHAA is dependent upon the presence of Sec as can be seen by the results of our DHAA-reductase assay in Figure 3 . Both DmTrxR and PfTrxR are naturally occurring Cys-containing enzymes and these enzymes do not have any DHAA-reductase activity. However, when the active site Cys residue is changed to Sec, as is the case for Enzymes 4 and 7, the DHAAreductase activity is dramatically increased. Conversely, when the Sec residue of Enzyme 1 is mutated to Cys, as is the case for Enzyme 2, loss of activity results. Just as we observed in our ascorbyl radical reductase assay, the hybrid Sec-containing PfTrxR had very high DHAA-reductase activity in comparison with the other Sec-containing TrxRs (Table IV) .
Discussion
Reduction of cytochrome c by thioredoxin reductase
All of the TrxRs in this study are high molecular weight enzymes that function as head-to-tail dimers. NADPH binds near the tightly bound FAD coenzyme and reduces it to FADH 2 . FADH 2 then reduces a Nterminal disulfide redox center, usually of sequence Cys-Val-Asn-Val-Gly-Cys. The reduced N-terminal redox center then transfers two electrons to a Cterminal redox center on the opposite subunit. The Cterminal redox centers of mTrxR2 and DmTrxR are similar in that they contain either a vicinal Cys-Sec motif, or vicinal Cys-Cys motif. DmTrxR is structurally similar to mTrxR2 and we have used it for direct mechanistic comparisons since it catalyzes the reduction of Trx with Cys instead of Sec. 30 The PfTrxR enzyme is different in comparison with these two enzymes because the C-terminal redox center has the sequence Gly-Cys-Gly-Gly-Gly-Lys-Cys-Gly, but the flow of electrons from NADPH to the C-terminal redox center is the same in all three enzymes. It is clear from the data in Figure 1 and Table II numbers are based upon the very low activity of the Cys-containing enzymes, which have activities that are just above the detectable limit. However, it is also clear that the FAD coenzyme is responsible for most of the cytochrome c-reductase activity in the case of the Cys-containing TrxRs as evidenced by the fact that the truncated mTrxR2 (Enzyme 3) and the truncated DmTrxR (Enzyme 6) have similar activities to their full-length counterparts (Enzymes 2 and 5, respectively). In fact, removing the C-terminal redox center actually increases the activity. This point is made dramatically clear by the very high cytochrome c-reductase activity of the truncated PfTrxR (Enzyme 11). In this case, removal of the C-terminal tail of PfTrxR must enable access of cytochrome c to the N-terminal redox center and the FAD coenzyme. The high activity of the truncated PfTrxR should be unsurprising since it has been previously established that flavins can directly reduce cytochrome c in solution. 31 We present a model for the reduction of cytochrome c by Seccontaining TrxR and truncated TrxR in Figure 4 .
Reduction of the ascorbyl radical and DHAA by thioredoxin reductase
As the data clearly show in Figures 2 and 3 , and summarized in Tables III and IV , Sec is chemically necessary for the reduction of both the ascorbyl radical and DHAA. None of the Cys-containing TrxRs or the truncated TrxRs were capable of reducing these substrates. While the ascorbyl radical must be reduced to ascorbate through a one-electron reduction mechanism, DHAA could be reduced to ascorbate by either a one-electron or two-electron mechanism as shown in Figure 5 . It is known that DHAA is reduced to ascorbate by glutaredoxin (thioltransferase) and protein disulfide isomerase (PDI), both Cys-containing enzymes, by a two-electron mechanism. 32, 33 These enzymes form a covalent intermediate with DHAA, making the assignment of a two-electron reaction mechanism unambiguous. 33 This suggests that in principle, the Cys-containing TrxRs studied here are capable of reducing DHAA as well. The fact that they cannot do so, suggests that the reason the Sec-containing TrxRs can reduce DHAA is due to the ability of Sec to efficiently catalyze one-electron transfer reactions as shown by the lower pathway in Figure 5 . This hypothesis is supported by the fact that the ascorbyl radical can only be reduced to ascorbate through a one-electron mechanism and only the Sec-containing TrxRs are capable of catalyzing this reaction.
The presence of Sec and the amino acid sequence of the C-terminal tail has a dramatic affect on the activity of PfTrxR
As discussed earlier, PfTrxR has a very different Cterminal tail in comparison to other high molecular weight TrxRs. A very interesting result of our study is that the Sec-containing PfTrxR enzymes (7 and 9) that we constructed have a dramatic gain of function.
In the case of Enzyme 7, this gain of function is solely due to the replacement of Cys with Sec. This can be visually seen by comparing the red and blue traces of (5.5-fold) due to change in amino acid composition of the C-terminal redox center is seen in the increased DHAA-reductase activity as is seen upon comparing the red trace of Figure 3(D) with the red trace of Figure 3 (C). We offer two explanations for the large gain of function discussed above. First, the increased ability of Sec to catalyze one-electron transfer reactions greatly accelerates the rate of reaction in comparison to the Cys-containing enzyme with the same amino acid sequence of the C-terminal redox center. Second, the transfer of electrons from the N-terminal redox center to the C-terminal redox center is accelerated when the size of the selenosulfide ring is changed from 20 atoms, as occurs in the sequence GCGGGKUG, to eight atoms, as occurs in the sequence GCUG.
This second point is clearly illustrated by comparing plots in Figure 2 (C) and (D). Replacing Cys with Sec only results in a slight increase in activity in the context of a C-terminal redox motif that can result in formation of a 20-atom selenosulfide ring [plot in Fig. 2(C) ]. However, replacement of Cys with Sec results in a large increase in activity in the context of a C-terminal redox motif that can result in an 8-atom selenosulfide ring [plot in Fig. 2(D) ]. It is reasonable to conclude that the stability/reactivity of the resulting selenosulfide ring makes a large difference to the catalytic rate enhancement.
As catalysis of the ascorbyl radical and DHAA is greatly increased by change the amino acid sequence of the C-terminal tail, it is interesting to speculate why nature did not evolve PfTrR to contain a GCUG tail instead. P. falciparum has the necessary genes to encode selenoproteins, 34 but PfTrxR contains Cys not Sec. While the reason for the absence of Sec in the enzyme is not known at the moment, we can speculate that the additional gain of function that we observed here may be somehow deleterious to the redox biology of P. falciparum.
Mechanism of one-electron catalysis by TrxR
The precise mechanistic details of how Sec enhances one-electron transfer reactions were not investigated here. We can only speculate on the mechanism based upon our results. If we use Fe 3+ of cytochrome c as an example, then a reasonable mechanism may involve initial formation of a covalent bond between Se and Fe 3+ , which could then break in a homolytic fashion to produce a selanyl radical and a reduced Fe 2+ of the substrate. The selanyl radical could then undergo reaction with molecular oxygen to produce a SeOO• radical, which could then be attacked by the resolving Cys residue of the C-terminal redox center to produce a selenosulfide, O 2 • − , and H + as proposed by Koppenol and coworkers. 24 
Conclusion
Our results clearly demonstrate that TrxR requires Sec to catalyze one-electron reductions of the ascorbyl radical and cytochrome c. Both of these molecules were previously shown to be substrates for mammalian TrxR, but here we have provided definitive evidence that reduction of these substrates are dependent upon Sec as shown by comparison with Cys-ortholog enzymes. The reduction of DHAA to ascorbate is also dependent upon Sec and this may be due to the ability of Sec to catalyze a series of oneelectron transfer reactions, although we did not provide definitive evidence for this hypothesis here. The biological importance of Sec is a widely debated topic. [35] [36] [37] We had previously shown that Sec imparts resistance to oxidative inactivation, 19 while our current work establishes that Sec can impart enzymes with the ability to catalyze single electron transfers. This suggests that Sec may impart more than one gain of function.
Materials and methods
Materials
L-Ascorbic acid sodium salt was purchased from Acros (Geel, Belgium). DHAA, bovine cytochrome c, superoxide dismutase (SOD) from bovine erythrocytes, and ascorbate oxidase from Cururbita sp. were all purchased from Sigma Aldrich (St. Louis, Missouri). NADPH was purchased from Applichem (Darmstadt, Germany). Ethylenediaminetetraacetic acid, disodium salt dehydrate (EDTA) was purchased from Fisher Scientific (Fair Lawn, New Jersey). All enzyme kinetic assays were done using a Cary Figure 5 . Possible model for the reduction of DHAA to ascorbic acid by Sec-containing TrxR. As shown in the figure, the reduction could take place by either a 2-electron reaction mechanism (top), or two, sequential one-electron reaction mechanisms (bottom).
50 UV-Vis spectrophotometer (Walnut Creek, California). All assays were carried out at room temperature.
Peptide synthesis
Peptides were synthesized as previously described using 2-chlorotritylchloride resin and standard Fmoc chemistry. 29 Once synthesized, peptides were cleaved from resin using 96:2:2 trifluoroacetic acid, triisopropylsilane, and water. Following cleavage, the volume was reduced by evaporation under a stream of nitrogen gas and precipitated using cold diethyl either. Once dry the peptides were suspend in water with minimal acetonitrile and freeze-dried. Peptide composition was analyzed using direct infusion atmospheric pressure chemical ionization mass spectrometry.
Enzyme production
The enzymes used in this study are listed in Table I . The production and purification of these enzymes has been reported previously. 19, 29, 38 Enzymes 2, 3, 5, 6, 8, 10, and 11 were produced as recombinant proteins as an intein-fusion protein as previously described. 19, 29, 38 Sec-containing Enzymes 1, 4, 7, and 9 were produced using intein-mediated peptide ligation using a procedure described below. 19, 29, 38 Escherichia coli cells containing the plasmid for a truncated TrxR-intein-chitin binding domain (CBD) were grown in either TB or LB medium. 39 The cell culture, containing 0.2 μg/mL ampicillin, was grown at 37 C until the OD600 reached~0.6. The cells were then cooled to 20 C, and IPTG was added to induce expression to a final concentration of 0.5 mM, followed by incubation at 20 C overnight on a rotary shaker (200 rpm). The cells were harvested by centrifugation. The harvested bacterial cell pellet was equilibrated in chitin buffer A [50 mM MOPS and 150 mM NaCl (pH 7.0)] followed by cell lysis with pulse sonication. The lysed slurry was then pelleted via centrifugation and the cleared lysate was loaded onto a chitin-agarose column pre-equilibrated with chitin buffer A. The intein-CBD fused to a truncated TrxR (mTrxRΔ3, DmTrxRΔ3, PfTrxRΔ3, or PfTrxR 7 allowed it to bind to the resin with high specificity. 39 Note that the designation "Δ" followed by a number denotes a truncated enzyme of x amino acids missing from the C-terminus. The loaded truncated TrxR protein was with chitin buffer A until the absorbance of the effluent was the same as the buffer wash. This was followed by additional washing with 0.5 L of high-salt chitin buffer B [50 mM MOPS and 500 mM NaCl (pH 7.0)]. The resin was then removed from the column and enough chitin buffer B was added to make a compact buffer-resin slurry.
The semisynthetic Sec-containing TrxR enzymes were produced via ligation of the desired synthetic peptides to the truncated TrxR containing a Cterminal thioester reactive group. Simultaneous cleavage of the fusion protein from the intein and ligation with synthetic peptide were achieved by addition of a cleavage cocktail consisting of 120 mM N-methyl mercaptoacetamide (NMA) and the desired synthetic peptide in chitin buffer B (pH 8.0-8.5). The cleavage and ligation reaction was done at room temperature overnight with constant shaking. Following overnight incubation in a conical tube, the resin/chitin slurry was poured back onto the column and the excess buffer was drained from the column. Next, the column was washed with three column volumes of chitin buffer B. The semisynthetic enzyme was concentrated and buffer exchanged with buffer C [1 M NH 4 SO 3, 50 mM Tris pH 7.5] via ultrafiltration (Amicon Ultracel 30 kDa cut off filters). It was then loaded by gravity onto a pre-equilibrated phenyl sepharose column (20 mL). After the sample was washed with buffer C, the semisynthetic TrxR enzyme was eluted from the phenyl sepharose column with buffer lacking NH 4 SO 3 [50 mM Tris pH 7.5], to disrupt binding to the column. The fractions containing semisynthetic TrxR were confirmed by spectrophotometry and SDS-PAGE, pooled, and then buffer exchanged through ultrafiltration with storage buffer [50 mM potassium phosphate, 500 mM NaCl, and 1 mM EDTA (pH 8.0)]. The concentration of each semisynthetic TrxR enzyme was determined through spectral analysis via the absorbance maximum of the flavin at 460 nm (ε = 22.6 mM −1 cm −1 , representing the dimer).
Reduction of cytochrome c by TrxR
Reactions to determine the ability of TrxR to reduce cytochrome c were conducted in 100 mM potassium phosphate pH 7.0, 200 μM NADPH, 1 mM EDTA, varying amounts of superoxide dismutase (SOD), and 100 μM cytochrome c in a final reaction volume of 500 μL. SOD was used to quench superoxide produced as a result of the NADPH oxidase activity of TrxR. Superoxide can readily reduce cytochrome c.
4
Reactions were allowed to incubate at room temperature for 1 min after which 100 nM TrxR was added to initiate the reaction. Reduction of cytochrome c was determined by measuring the change in absorbance at 550 nm using the extinction coefficient of 28.0 mM −1 . 40 Controls were done in the same manner however no TrxR was added.
Reduction of the ascorbyl radical by TrxR
Ascorbyl radical was produced as described previously by May. 4 Briefly, the radical was produced by mixing 1 mM L-ascorbic acid sodium salt with ascorbate oxidase (AO) at a final concentration of 0.4 units/mL in 50 mM Tris buffer, pH 7, 1 mM EDTA, and 200 μM NADPH. The final reaction volumes were 500 μL. Assays were conducted by allowing AO and 100 nM TrxR to incubate together for 2 min at room temperature, after which 1 mM ascorbate was added. Activity was determined by measuring NAPDH consumption spectrophotometrically at 340 nm using an extinction coefficient of 6220 M −1 cm −1 . The activity was calculated using a stoichiometric ratio of one mole of NADPH to two moles of ascorbyl radical. 4 Background NADPH consumption was corrected for by subtracting control experiment activities in which no ascorbate was present as well as an additional control in which no TrxR was present.
Reduction of DHAA by TrxR
Reactions monitoring the reduction of DHAA were carried out in 100 mM potassium phosphate pH 7.0, 1 mM EDTA, 200 μM NADPH, and 500 μM DHAA. Following a 1 min incubation of buffer and substrate, 250 nM TrxR was added to initiate the reaction in a final assay volume of 500 μL. Activity was determined by measuring NAPDH consumption spectrophotometrically at 340 nm using an extinction coefficient of 6220 M −1 cm −1 . Background NADPH consumption was corrected for by subtracting control experiment activities in which no DHAA was present as well as an additional control in which no TrxR was present.
